Abstract-A guided wave optical isolator using a four layered leaky yttrium iron garnet (YIG) waveguide with a YIG guiding layer is proposed and analyzed through a transfer matrix formulation. The dependence of isolation characteristics on different waveguide parameters are discussed. It is shown that for four layered structures an isolation ratio of about 24 dB can be achieved with YIG films having large gyrotropy. It is also shown that by replacing the single guiding YIG film with multilayers of YIG with compensated walls and proper permittivity, high isolation ratio can be achieved even with currently available YIG films having low gyrotropy.
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I. INTRODUCTION N ONRECIPROCAL devices, such as isolators, are important passive elements in coherent and optical amplifier based lightwave communication systems. At microwave frequencies, isolators fabricated using bulk ferrites like yttrium iron garnets (YIG) are extensively used [1] . Commercially available isolators for use at optical frequencies are also bulk ferrite based on the principle of nonreciprocal Faraday rotation of the polarization state of the propagating electromagnetic waves.
During the last few years, efforts are being made to achieve waveguide optical isolators because of their potential low cost and integrability with fiber and integrated optical waveguides besides the advantage of requiring low magnetic fields. Theoretical proposals and experimental results on two types of integrated optical waveguide isolators using YIG films are available in the literature [2] - [6] . In one of the schemes, the biasing magnetic field is applied along the propagation axis of the waveguide and isolation is realized through the nonreciprocal coupling of the guided TE to TM modes. Fabrication and performance of such isolators are, however, constrained because of the precise phase matching required to induce efficient TE-TM mode coupling. Ridge YIG waveguides [2] and semileaky type YIG waveguides [4] have been proposed to overcome this problem. Recent reports cited fabrication of hybrid type isolators using multilayered YIG film [7] .
The second scheme for realizing waveguide isolators, exploits the nonreciprocal mode cutoff thickness of the TM mode in a YIG waveguide [6] . In this configuration, under the application of a magnetic field transverse to the propagation axis, the waveguide supports TE and TM modes which propagate without any coupling [6] , [8] . At a given operating wavelength, the forward and backward propagating TM modes are characterized by different cutoff waveguide thicknesses. Thus, the waveguide can be operated with a suitably chosen waveguide thickness for which the backward propagating TM mode is effectively cutoff in the waveguide.
In such isolators the constraint on fabrication of the designed waveguide thickness is rather stringent and also for a given thickness, the freedom in the choice of operating wavelengths is limited. A further disadvantage is that at the selected operating point the modal field of the forward guided mode also spreads deep into the evanescent region [6] .
In this paper, we propose a novel configuration for realizing an optical waveguide isolator, which overcomes the above mentioned limitations/design constraints encountered in the two existing schemes reported in the literature. It is based on a multilayered YIG waveguide with the chosen cover layer having a permittivity that makes the structure effectively a leaky waveguide [8] , [9] . The magnetic field is assumed to be along the transverse direction so that TE and TM modes are allowed to propagate uncoupled. The isolation characteristics of such a waveguide is studied by using transverse matrix method [10] . Such a waveguide is shown to exhibit nonreciprocal leakage losses for the forward and backward TM modes [8] . Practical design parameters to achieve desirable isolation are also calculated and discussed.
II. FORMULATION Fig. 1 shows our proposed multilayered YIG film leaky waveguide structure with each layer being made of a YIG film. If a magnetic field is assumed to be applied along the y-axis, the permittivity of each layer can be written as [8] 
Here, i(= 1, 2, • • •, N) represents different layers. In this configuration, the TE and TM modes can propagate independently of each other. Since we are interested only in the TM mode, the wave equation satisfied by the magnetic field H yi of the TM mode in the zth layer is given by
Using the continuity conditions of H yi and E zi at the zth boundary we obtain the transfer matrix tivity denned by (1) . through the following:
Here, 7 is the complex propagation constant of the waveguide. The corresponding longitudinal component of the electric field E z , is given by
The modes of the structure can be obtained by solving (2) in each layer and then applying proper boundary conditions at each interface. By eliminating the constants appearing in the solutions we can obtain the transcendental equation determining the values of 7. In this paper we have adopted the matrix method [8] - [10] . This method is relatively simple and it relies on plane wave solutions in each layer. By using appropriate boundary conditions the transfer matrices are generated. The final matrix is solved either by calculating the field excitation efficiency in the layer of interest that yields Lorentzians peaked at real values of the propagation constants [8] , [9] or by obtaining a transcendental equation that has to be solved numerically to yield complex roots [10] . In this paper, we have exploited the second route and used a numerical algorithm that essentially represents the well-known Muller method [11] . In order to use the matrix method we first note that the plane wave solutions of (2) are
where
uie 0 E zs (8) where subscripts c and s correspond to cover and substrate. The field components in the cover and substrate can be written as
S -7"
For the waveguide to be leaky, the signs for -f c = -f' c are chosen such that j' c < 0 and 7" > 0 [10] . Substituting (9) and (10) in (8), we obtain the transcendental equation as
The above equations would reduce to that for a dielectric, if the off diagonal element of the permittivity tensor [see (1) ] in all layers is taken to be zero. The transcendental equation (12) can be solved to yield complex propagation constant 7 for fundamental as well as all the higher order modes using Normalized waveguide thickness Fig. 3 . The leakage loss characteristics of the fundamental TM mode for the parameters same as in Fig. 2 .
the numerical scheme given in [10] . However, in the present analysis, our interest lies in the fundamental mode only and we have therefore used the simpler Muller method [11] .
III. DESIGN CONSIDERATIONS AND DISCUSSIONS
In a multilayered waveguide configuration, the simplest leaky structure is a four layered waveguide. First we investigate the isolation properties for a four layered waveguide with N = 2 (cf, Fig. 1 ). The guiding layer is assumed to be Bi substituted YIG film with e gl = 4.84. (Bi)YIG are normally grown on gadolinium gallium garnet (GGG) that acts as the substrate having e s = 3.8025. As will be evident from the discussion later, the choice of the buffer layer between the guiding layer and the cover and its thickness is critical for efficient device performance. For a preliminary calculation, we consider it to be a dielectric with e g2 = e g i -Ae. The cover layer is assumed to be LiNbO 3 with ordinary refractive index n o = 2.229 and extraordinary refractive index as n e = 2.170. The choice of LiNbO 3 is quite common in Faraday rotation type isolators [4] to achieve phase matching between the TE and TM modes. In the present context, its use makes the waveguide leaky. By suitably orienting the LiNbO 3 crystal so that its c-axis lies along the y-axis, the structure becomes leaky for the TM mode as e c (= n 2 o ) > e gi . Fig. 2 shows the nonreciprocal dispersion characteristics of the fundamental TM mode assuming a buffer thickness d 2 /\ = 1.0 and e g2 = e gl -Ae with Ae = 10" 3 . The off diagonal element e' g defined in (1) is 0.005 that corresponds to Faraday rotation of 2200°/cm [6] . A/3 is the difference in real part of propagation constants for the forward (/3 + ) and backward (J3~) propagating modes and gives a measure of the nonreciprocity in the waveguide. As the waveguide thickness is reduced, A/3 increases implying that thinner waveguides will have more nonreciprocal propagation characteristics. Fig. 3 shows the variation of leakage loss difference between forward and backward fundamental modes with the thickness of waveguide. The leakage loss is obtained from the imaginary part of the propagation constant. The nonreciprocal nature of the leakage loss [8] , that arises due to the two modes suffering different attenuation, as shown in this figure is the basic feature, which is exploited in our design of the isolator. Near the cutoff of the backward mode, the leakage loss is very large compared to that of the forward mode as implied by the large Aa in the figure. However, the loss for forward mode is also appreciable because the modal field penetrates deep into the cover layer. In a three layered guiding structure operated in the region between the cutoffs of the two modes, a major fraction of the fundamental mode's power is known to lie in the evanescent region [6] . Fig. 4 shows the a + and Aa as a function of normalized buffer thickness, for a waveguide of length di/X = 8.0 and other parameters same as in Fig. 2 . For the given parameters, a + is seen to decrease monotonically with d 2 /X and is less than 0.02 dB/mm for d 2 /\ > 2. The leakage loss difference Aa initially increases with increase in buffer thickness reaching a maximum value and then decreases with further increase in d 2 /\. At about d 2 /\ = 1.4, IR is about 2.8 dB/mm whereas a + is about 0.2 dB/mm. In Fig. 5 , we have plotted Aa and a + as a function of Ae = e g i -e g2 for d 2 /\ = 1.0. With increase in the Ae value, both the parameters are found to reduce and even for relatively large values of Ae, Aa of about 0.18 dB/mm can be obtained. Fig. 6 shows the dependence of Aa and a + on the off diagonal element e' gl for the parameters of Fig. 4 . It yields the interesting result that for larger values of e, a high value of Aa can be achieved with a low loss to forward propagating mode. Thus YIG materials having relatively large e' g are required. The frequency dependence of YIG's material permeability for a given orientation of applied magnetic field is known analytically at microwave frequencies [1] . Thus the diagonal and off diagonal elements of the permeability tensor at microwave frequencies can be explicitly obtained. However, at the infrared wavelengths where YIG films are transparent, the off diagonal element e' g is determined through observation of Faraday rotation with magnetic field oriented along z-axis. For other orientations of the magnetic field, the permittivity tensor elements are obtained by a coordinate transformation matrix while retaining the numerical values of the elements same [6] . Recently, for a Faraday rotation type of isolator based on multilayered (La,Ga)YIG waveguide on a silica substrate, the permanent magnets of strength 50 Oe was reported [7] .
One seeming drawback of four layered leaky waveguide isolator proposed here is that it may involve design of stronger magnetic fields and/or use of YIG films with e g having one order larger value than that of Faraday rotation type of YIG film optical isolators. However, this apparent drawback of required high values of e' g , can be overcome by replacing the single YIG film with multilayers of YIG with proper e g i and adjacent layers having compensated wall so that e gi+l = -e gi [6] , [12] , [13] . In [13] , it is shown by variational method that for a compensated wall multilayered film, the nonreciprocity A/3 is proportional to £ (e' gi so that every layer contributes to the nonreciprocal behavior of the multilayered waveguide. The formulation given in the previous section can be readily extended to such multilayered YIG waveguides.
In Table I , we present results with regard to the performance of the leaky type four layered waveguide and a waveguide where we have replaced the guiding layer with four layers (total seven layers). For a wavelength of 1.0 /nm, and for practically achievable parameters of the four-layered waveguide are [7] It can be seen that for a given set of design parameters, to achieve about 24 dB isolation we require e' g = 0.08 that is quite a large value, which is difficult to achieve in practice. However, by opting for the multilayered film configuration proposed here, one can achieve 26 dB isolation for e' g = 0.005 that is practicable as reported in [6] , [12] , and [13] .
IV. CONCLUSIONS
A new type of optical isolator based on a leaky YIG film waveguide is proposed. Its isolation properties are obtained through the transfer matrix formulation by extending to multilayered structure consisting of YIG films. The analysis shows that the isolator performance depends critically on the thicknesses of the guiding and buffer layers, the permittivity of the buffer layer and the off diagonal element of the permitivitty tensors in the YIG medium. The leaky waveguide isolator operates for TM polarization and critical phase matching with TE mode as required in Faraday rotation type isolators is not essential. The proposed isolator can be designed to operate for waveguide thickness more than the cutoff values and offers significant wavelength tolerance for operation in any of the wavelength window ideal for optical communication. Further, the apparent drawback of requiring a relatively large values of e' g can be overcome by replacing single YIG layer with multilayers of YIG with appropriate compensated wall and proper choice of permittivities.
